In this investigation, we evaluated the microstructure of SC alloys using SEM, TEM and XRD. The composition of SC alloys was Nd 14:4 Fe 79:6 B 6:0 and Nd 10:4 Dy 3:5 Fe 80 B 6:1 , and the SC alloys show petal-shape or dendritic structure at the wheel surface or the free surface, respectively. Grain size distribution is broad at the wheel surface and the microstructure is changed at the distance of around 50 mm from the wheel surface. XRD analyses are consistent with the results. Average interval of R-rich (R: rare earth) lamella structure in Nd
Introduction
Nd-Fe-B sintered magnets, which were developed by Sagawa et al., 1) are well known as high performance magnets. They are now used in many applications such as hybrid electric vehicles, cellular phones, and hard disk drives. The maximum energy product (ðBHÞ max ) of recent Nd-Fe-B sintered magnets has reached to their ideal value.
2) However, the coercivity is realized only 12% of the anisotropy field of Nd 2 Fe 14 B compound, which is the main phase of Nd-Fe-B sintered magnets. In order to increase coercivity, additive elements such as Dy and Tb are now used in the sintered magnets, as the Dy 2 Fe 14 B and Tb 2 Fe 14 B compounds show higher anisotropy fields than the Nd 2 Fe 14 B compound. But, the addition of these elements decrease the saturation magnetization and the ðBHÞ max . These elements also show cost disadvantages that their natural abundance is quite low and they are expensive among rare-earth elements. Therefore, the increase of coercivity is now strongly demanded. There are two ways to increase coercivity without additive elements. One is obtaining a uniform distribution of the Ndrich phase that plays important roles for cleaning the surface of Nd 2 Fe 14 B grains and decreasing the nucleation site of reverse domains. The other is controlling of grain size less than the single domain size of 0.3 mm.
3) However the microstructure of the sintered magnets is influenced by each production process such as melting, casting, hydrogen decrepitation (HD) treatment, jet milling, magnetic pressing, sintering and heat treatments.
In the melting and casting process, strip casting (SC) is one of suitable methods for the preparation of Nd-Fe-B ingots with a uniform distribution of the Nd-rich phase and a fine grain size. Because of the high cooling rate during the solidification in the process, the formation of -Fe dendrites and undistributed Nd-rich phase are prevented and the SC alloys show a micro-scale lamella structure composed of the Nd 2 Fe 14 B and Nd-rich phases. The lamella structure of SC alloys is effective for forming uniform distribution of Nd-rich phase and controlling grain size.
After the SC, the alloys are pulverized by hydrogen decrepitation (HD) treatment. The HD treatment is the process using hydrogen absorption and decrepitation characteristics of Nd-Fe-B alloys. The Nd-rich phase in the alloys absorbs hydrogen easily and the volume expansion of the phase occurs, which leads to the appearance and dispersion of micro-cracks at the grain boundaries. From the fact that the HD powders are used for jet-milling, the combination of strip casting, HD treatment and jet-milling is now considered as a suitable for the preparation of high performance Nd-Fe-B sintered magnets. Therefore, it is predicted that the microstructure of SC alloys influences the microstructure of jetmilled powders and sintered magnets. However, quantitative evaluation of microstructure in SC alloys has not been reported. Therefore, the purpose of this paper is to investigate and evaluate the microstructures of Nd-Fe-B SC alloys.
Experimental
SC alloys of Nd 14:4 Fe 79:6 B 6:0 (Nd-Fe-B) and Nd 10:4 Dy 3:5 -Fe 80 B 6:1 ((Nd, Dy)-Fe-B) were used in this study. Microstructures of the SC alloys were investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The micrographs taken from these electron microscopes were used for the evaluation and the method is shown in Fig. 1 . Distribution of R-rich (R: rare earth) phase in SC alloys was evaluated by the point counting method. Average interval of R-rich phase was measured at various distances from the wheel surface, which shows the relation- Fig. 1 The way to measure average interval of R-rich phase and evaluate the frequency of intersection point between R-rich phase and the lines perpendicular to the wheel surface. * Graduate Student, Tohoku University ship between the distribution of R-rich phase and the distance from the wheel surface. Average interval of R-rich phase decreases with improving the distribution of R-rich phase. On the other hand, the change of grain growth direction is evaluated by the frequency of intersection point between Rrich phase and the lines perpendicular to the wheel surface. The frequency of intersection was measured every 50 mm from the wheel surface, which decreases with decreasing the difference between crystalline growth direction and thermal gradient. The crystalline orientation of SC alloys was also characterized by X-ray diffraction (XRD) with Fe-K radiation. The SC alloys were polished at intervals of several dozen micrometers from the wheel surface, and XRD analyses and SEM observations were carried out on the surface, which suggested the relationship between microstructure and crystalline orientation. However, the interval becomes constant above 50 mm from the wheel surface. The average interval of (Nd, Dy)-Fe-B and Nd-Fe-B SC alloys above 50 mm form the wheel surface are 3.9 mm and 3.7 mm, respectively. Figure 3(b) shows the frequency of intersection of R-rich phase on the contrast to the distances from the wheel surface. The lamella structure is formed by R 2 Fe 14 B and R-rich phase parallel to the growth direction, and the heat flux is perpendicular to the wheel surface in casting. Therefore, the frequency of intersection shows in Fig. 3(b) shows the mismatch between heat flux and growth direction of lamella during solidification. The lower frequency means fewer mismatches between growth direction and heat flux, and then thermal gradient is larger. From   Fig. 3(b) , (Nd, Dy)-Fe-B and Nd-Fe-B SC alloys show the same tendency, in which frequency of intersection decreases gradually with increasing distance from the wheel surface. Interval of lamella was constant by decreasing the mismatch between heat flux and growth direction.
Results and Discussion
Although grain size decreases with higher cooling rate in the strip casting, Fig. 3(a) shows that the interval of lamella close to the wheel surfaces are wider than the free surface. To clarify this discrepancy, TEM observation was carried out. Figure 4 shows cross-sectional TEM images of SC alloys taken from (a) the wheel surface and (b) the free surface, respectively. The observed areas of SC alloy are encircled in Fig. 2(b) . From Fig. 4(a) , Nd 2 Fe 14 B grains with submicron size were observed in R-rich phase at the wheel surface, which was identified by TEM-EDS and XRD analyses. On the other hand, submicron Nd 2 Fe 14 B grains were not observed at the free surface as shown in Fig. 4(b) . Submicron Nd 2 Fe 14 B was too fine to observe with SEM. Although the size distribution of R-rich phase at the wheel surface is larger than that at the free surface as shown in Fig. 3 , it is found that the R-rich phase at the wheel surface contains submicron R 2 Fe 14 B grains. These submicron grains are considered to influence magnetic alignment of R 2 Fe 14 B grains during the magnetic pressing, which results in the decrease of magnetic properties of sintered magnets. At the instant of casting a molten alloy, initial nucleus in the supercooled layer is appear close to the wheel surface, and crystals grew rapidly parallel to the cooled wheel to remove initial condition of supercooling. And then crystal grew toward the interior of the molten alloy. Hence, crystalline orientation was changed with the distance from the wheel surface.
XRD measurements and SEM observations were carried out at various distances from the wheel surface. Figure 5 shows XRD pattern of the (Nd, Dy)-Fe-B SC alloy at the wheel surface, which suggest that the (Nd, Dy)-Fe-B SC alloy contains R-rich and textured R 2 Fe 14 B phases. From the strong intensity of XRD peaks from the (0 0 l) (l ¼ 2n) planes of R 2 Fe 14 B phase, it is said that the c-axis of R 2 Fe 14 B phase has a tendency to align along the direction perpendicular to the wheel surface in the sample. Figure 6 shows the variation of crystalline orientation of R 2 Fe 14 B phase on the contrast to the distance from the wheel surface. The crystalline orientation was evaluated by the ratio of X-ray intensity of (006) to that of (410) peaks of R 2 Fe 14 B phase (Ið006Þ=Ið410Þ). The Ið006Þ=Ið410Þ increases with increasing the distance from the wheel surface and shows the maximum value at the distance of around 25 mm. The value then decreases with increasing the distance. D. Dadon et al. 5) and J. Yamasaki et al. 6) were reported that the c-axis of R 2 Fe 14 B phase aligns in the case of low quenching rate in Nd-Fe-B melt-spun ribbons and the intensity of crystalline orientation strengthens gradually from the wheel surface to the free surface. The most likely cause is the difference of thickness and quenching rate of alloys. Therefore, it is considered that the cooling condition at the distance of 25 mm is equivalent to the optimum one for the alignment of c-axis in the SC alloys used in this investigation. However, the Ið006Þ=Ið410Þ ratio decreased, and no preferred orientation was observed at distances above 80 mm. The reason is not clear, however, it is considered to be caused by the direction change of grain growth and the formation of isotropic crystals. Figure 7 shows SEM images taken from the surface of the (Nd, Dy)-Fe-B SC alloy after polishing with the different depth of (a) 0 mm (the wheel surface), (b) 55 mm and (c) 82 mm from the wheel surface. The SEM image of the free surface is also shown in Fig. 7(d) . Petal-shaped grains and dendrite structure composed of R 2 Fe 14 B and R-rich phases are observed at the wheel and free surface, respectively ( Fig. 7(a) and (d) ). The petal shaped grains at the wheel surface are surrounded by R-rich phase with relative large thickness. In contrast, R-rich phase at the free surface is distributed more uniformly than that at the wheel surface. Microstructure shown in Fig. 7(b) was different from that in Fig. 7(a) and (d) . However, the dendrite structure like the microstructure shown in Fig. 7(d) is observed in Fig. 7(c) . Therefore, Figure 7 (b) and (c) are considered as the microstructure transiting from petal-shaped to dendrite structure. Comparing these microstructural changes with the results Fig. 4 Cross-sectional TEM images of Nd-Fe-B SC alloys taken from the region close to (a) the wheel surface and (b) the free surface. shown in Fig. 3(a) and Fig. 6 , it can be said that microstructure in SC alloys is changed drastically at the distance of around 50 mm from the wheel surface. This drastically microstructure changes can be considered to be caused by the mutual interference of grain growth between petal-shaped grains. From this study, it is found that submicron Nd 2 Fe 14 B grains exist and microstructure changes drastically in the region near the wheel surface. This region is considered to affect the distribution of R-rich phase, grain size distribution, crystalline orientation and magnetic properties after sintering. Therefore, it is concluded that decreasing the region in SC alloys is needed for obtaining high performance sintered magnets.
Conclusion
Microstructures of Nd-Fe-B and (Nd, Dy)-Fe-B SC alloys were evaluated by the point counting method using crosssectional SEM images perpendicular to the wheel surface. Microstructure of SC alloys is changed at around 50 mm from the wheel surface. Average interval of R-rich phase of (Nd, Dy)-Fe-B and Nd-Fe-B SC alloys are less than 4 mm. Petalshaped and dendrite structures are observed at the wheel surface and at the free surface, respectively. Grain size distribution of R 2 Fe 14 B and distribution of R-rich phase at the free surface are better than those at the wheel surface. It is concluded that decreasing the microstructure near the wheel surface is needed to improve the performance of R 2 Fe 14 B sintered magnets.
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